Conventional methods often impose difficulties when measuring the viscosity of fluids containing particles or fibres, e.g. tomato paste or fruit preparations, mainly due to the narrow gaps of the viscometer. In order to solve these problems different geometries have been developed, e.g. different mixer systems and wide gap double concentric cylinders. However, these can not be evaluated assuming a constant shear rate throughout the fluid. In this study, three different kinds of mixer systems have been studied; a small and a large paddle and a helix. For the mixer systems an average shear rate must be determined and a quotient between torque and shear stress must be found. In addition, a wide gap double concentric cylinder (DCC) was examined and evaluated using two different methods. When evaluating the mixer systems a method based on the Couette analogy has been used successfully for a number of complex fluids, including prepared sauces and fruit samples containing particles of different size. The DCC has been evaluated using a numerical as well as an approximate method, both giving results of good accuracy. All systems had the limitation that no consistent results were obtained for tomato paste. However, when starch was added to the diluted tomato paste dispersion, satisfying results were once again obtained.
THEORY
The method used in order to calibrate the mixer systems is based on the so called Couette analogy which is developed by Choplin [4] and Aït-Kadi et al. [6] following the approach used by Bousmina et al. [9] . The torque calculated for a power law fluid in the evaluated geometry is equated to the one calculated with the same fluid in the case of a cylindrical bob rotating in a cup at the same rotational speed. An equivalent internal radius, R i , can be found, which then can be used for calculating the shear rate and the torque at a certain position r in the gap. (1) in which g = 0 for simple mixing device. The shear stress can then be calculated for the measured torque, G: (2) and the shear rate from the measured rotational speed N:
Bousmina et al. [9] showed that for very small gaps the optimal position for calculating the shear stress and the shear rate was in the middle of the gap of the equivalent Couette system. Aït-Kadi et al. found however that for wider gaps there is a narrow region, not necessarily in the middle of the gap, where the shear rate is only slightly dependent on the power law index. This means that for a value r* in that region, a value that can be determined analytically, we can define:
INTRODUCTION
When measuring the viscosity of a fluid containing particles the conventional types of viscometers are often not suitable, due to the narrow gaps of e.g. a concentric cylinder or a cone and plate system. One alternative is to use different kinds of mixer viscometers supplied with e.g. vanes or helical ribbons. In these systems the gaps are much larger than in the conventional systems, resulting in a possibility to perform measurements on fluids containing larger particles without destroying the structure. Another positive effect is that the particles are kept in motion by the rotating blades or ribbon of the spindle. However, these systems have the drawback that shear rate and shear stress can not easily be calculated due to the complexity of the geometry. Different methods have been evaluated in order to calibrate such mixer systems [1 -3] but the problem has been to find constants that can be used for all kinds of fluids. In 2000 Choplin developed a new method based on the Couette analogy [4] . This method has been used successfully in the present work on fruit pulps [5] and on fluids with varying power law indexes [6] . Also, the method has been used successfully on more complex fluids such as polymer blends during chemical reactions [7] .
Another type of viscometer with the ability to handle fluids containing particles is a wide gap double concentric cylinder (DCC). Also in this system, the shear rate can not be considered constant throughout the gap due to the size of the gaps. In order to find e.g. the power law parameters K and n with this system the shear stress and shear rate can be calculated throughout the gaps with a numerical method [8] . The procedure takes end effects into account and solves the differential equations describing the velocity and shear fields. In addition, an approximate method that ignores end effects has been developed [9] .
In this study, three different mixer systems are calibrated for various products, including fluids containing particles up to 10 mm in size. The method used is based on the Couette analogy. In addition, a wide gap double concentric cylinder (DCC) is examined using both the numerical and the approximate method developed by James et al. [8] and James [9] .
The power law index n can be found by plotting log (torque) versus log (rotational speed). Then the torque measured is compared to the torque calculated for a fluid with the n value of interest and K set to 1. Then K can be found by minimizing the difference between the two, using the least squares method.
MATERIALS AND METHODS
All measurements were carried out on a Physica Rheolab MC 1 (Paar Physica GmbH, Graz, Austria). As standard geometry, a Z3 DIN concentric cylinder was used (d = 25 mm, gap = 1.06 mm). The evaluated mixer systems were a helical ribbon (D = 36 mm, L = 40 mm), a small paddle (D = 20 mm, L = 40 mm) with four blades and a large paddle (D = 40 mm, L = 60 mm) with six blades, all shown in Fig. 1 . The wide gap double concentric cylinder had the dimensions R 1 = 13.8 mm, R 2 = 17.8 mm, R 3 = 19.0 mm, and R 4 = 24.4 mm and is shown in Fig. 2 . For all systems a cup with D = 48.8 mm was used.
All measurements were carried out at 20°C, with 20 s integration time and 30 measuring points, within the shear rate interval employed from 10 s -1 up to approximately 500 s -1 . The upper limit depended on the limitations for different measuring systems and ultimately the limitation in rotational speed delivered from the instrument (800 rpm).
Average mixer constants were calculated using 1.5 and 2% CMC solutions (Brenntag Nordic, Malmo, Sweden), 5, 6, and 7% Microlys solutions (Lyckeby Stärkelse, Lyckeby, Sweden), béarnaise sauce, tomato ketchup and various fruit preparations from Arla Foods Innovation (Stockholm, Sweden). In order to determine how severe the scattering of the constants were, the average (mean value) constants were used to calculate the viscosity directly from the torque and rota-
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Applied Rheology Volume 16 · Issue 1 (4) and (5) with K g · and K t evaluated at r* and for a Newtonian fluid of known viscosity. The position r* is evaluated by: (6) where n an n' are two different power-law indices chosen within the range of realistic power-law indices (e.g. 0.15 and 0.9, respectively). The K g · and K t values can then be used for any non-Newtonian fluid in the same geometry.
The numerical method used in order to evaluate data obtained from the DCC experiments is performed using a computer program developed by James et al. [8] . This calculates the actual shear stresses and shear rates throughout the gap from the measured torque and rotational speed. The calculation takes end effects into account. The approximate method neglects end effects and the velocity is calculated assuming that this only depends on the radial position r. This gives a total torque of: tional speed data. These results were compared to the ones obtained using the Couette analogy method. In addition, the constants were used to calculate the viscosity of tomato paste at different concentrations (30, 50, 70, and 100%), and 30% diluted tomato paste with different starch (Microlys) concentrations (3 and 5%). These results were then compared to those obtained using the Couette analogy method.
RESULTS

MIXER SYSTEMS
The viscosity obtained using the method described showed quite good agreement with those obtained with the conventional system, also when using linear axes. As an example viscosity data for béarnaise sauce is shown in Fig. 3 . When the product could not be measured using the conventional system, due to the size of the particles, only the results from the studied mixer systems were compared. Also here, the results were close as can be seen in Fig. 4 , showing the shear stress versus shear rate for a raspberry sample. For this sample the small paddle system showed 8% lower values than the other systems which is not considered to be a significant difference. In Fig. 4a the data is presented with linear axes and in Fig. 4b with logarithmic axes.
The equivalent internal radius R i was calculated to be 13.7 mm for the helical ribbon, 9.9 mm for the small paddle and 19.7 mm for the large paddle. The constants obtained showed good agreement between different products for each of the three systems. All constants calculated are presented in Tab. 1. When the average constants (see Tab.1) were used to calculate the power law K and n values directly from the torque and rotational speeds measured, the results were almost the same as when calculated using the Couette analogy method. Three example graphs can be seen in Fig. 5 , showing results for tomato ketchup. This altogether shows that the Couette analogy method is successful in order to calibrate mixer systems for different kinds of fluids.
TOMATO PRODUCTS
When the method was used on the diluted tomato paste, the results varied between the different measuring systems. The result for 50% tomato paste can be seen in Fig. 6 . When starch was added to the 30% tomato paste the results did once again show less variation between the different measuring systems. As can be seen in Fig.  7a and b increasing amounts of Microlys added to the tomato paste decreases the variation. The
Helix
Small paddle Large paddle K t K g K t K g K t K g 
Figure 3 (left):
Shear stress versus shear rate obtained with conventional system (Z3) and three evaluated mixer systems for béarnaise sauce.
Figure 4a (right above):
Shear stress versus shear rate obtained with three evaluated mixer systems for raspberry fruit preparation (linear axes).
Figure 4b (right below):
Shear stress versus shear rate obtained with three evaluated mixer systems for raspberry fruit preparation (logarithmic axes). constants previously determined (see Tab.1) were used to calculate the power law K and n values directly from the data received from the 30% tomato paste containing 5% Microlys. This gave very good agreement with the viscosity data obtained using the Couette analogy method which implies that the method and the constants calculated are valid for this product. The graph can be seen in Fig. 8 . An explanation for these results might be that when starch is added to the diluted tomato paste, the tomato fibres are enclosed by the starch. This might significantly reduce the typical tomato properties, causing the dispersion to perform more like the other fluids studied.
DOUBLE CONCENTRIC CYLINDER
Both the numerical and the approximate method gave good agreement with those obtained using the concentric cylinder when applied to the double concentric cylinder (DCC). The results are presented in Tab. 2. The approximate method gave 5-10 % higher viscosity than the numerical which implies that there are some end effects in the sys-tem since the approximate method ignores end effects.
Just as with the mixer systems, problems arose when measuring tomato paste at different concentrations. The methods gave better, but not satisfying results when starch was added. Due to the limitation in the power supplied by the instrument, the 30% tomato paste with 6% Microlys could not be measured with the DCC.
DISCUSSION
Not all of the fluids employed in this study could be measured in the conventional system due to the problem with particles being too large for the small gap of the concentric cylinder. In those cases, the results have been compared with results obtained with the other investigated systems to see if any agreements could be observed. For very viscous products the large paddle gave too high torques for the instrument and could therefore not be used. At a low viscosity of the sample the torque was too low to be measured accurately, using the small paddle or the helix. These fluids were also difficult to measure using Shear stress versus shear rate calculated using obtained constants and the method based on the Couette analogy for ketchup using helix.
Figure 5b (left middle):
Shear stress versus shear rate calculated using obtained constants and the method based on the Couette analogy for ketchup using small paddle. Figure 5c (left below) : Shear stress versus shear rate calculated using obtained constants and the method based on the Couette analogy for ketchup using large paddle.
Figure 6 (right above):
Shear stress versus shear rate obtained with conventional system (Z3) and three evaluated mixer systems for 50% tomato paste.
Figure 7a (right middle):
Shear stress versus shear rate obtained with conventional system (Z3) and three evaluated mixer systems for 30% tomato paste containing 3% Microlys.
Figure 7b (right below):
Shear stress versus shear rate obtained with conventional system (Z3) and three evaluated mixer systems for 30% tomato paste containing 5% Microlys
CONCLUSION
The results obtained with the mixer systems coincide quite well with the ones obtained with the conventional method. The constants found give satisfying results for different kinds of fluids and the only exception found in the present work is tomato products that do not contain any or only very low amounts of starch.
The results imply that mixer rheometers evaluated using the Couette analogy method could serve as a complement to the conventional techniques. This is especially valuable for fluids that cannot be measured with conventional systems, e.g. fluids with large particles. When evaluated with the approximate or the numerical method the DCC gives satisfactory results. This implies that this system could indeed be used for measuring viscosity on complex fluids. However, there is a limitation in the gap width. This is not a limitation regarding the method, but on the geometry evaluated here. A DCC with larger gap calls for some adjustments of the viscometers available today. The torque would increase, requiring a stronger instrument that can supply the required power. Also, larger gaps would increase the total size of the DCC. Commercial viscometers do normally not have the physical possibility to hold a DCC larger than the one evaluated in this study.
In order to use the numerical method one needs access to the software used for those calculations. However, for the geometry used in this study the approximate method gives almost the same result and is quite easy to use. This means that satisfactory results can be obtained without the more exact numerical method, for the geometry examined in the current work. This is due to the small end effects which are achieved by the sharp edges and the thin walls of the DCC examined and the large distance between the bob and the bottom of the cup. for the clarifying discussions regarding the Couette analogy method. the large paddle, since turbulence was caused in the system. Fluids with large, distinct particles did not give satisfactory results using the large paddle. This is due to the fact that the particles get stuck between the blades and the wall of the cup, leading to extremely jagged shear curves and no possibility to fit the curve to a power law equation. The viscosity of the fluids containing particles could not, apart from the raspberry sample, be evaluated using the DCC. This is due to the fact that in this system the particles were larger than the gap available. It should be emphasized, though, that these limitations are due to the geometry of the measuring systems evaluated and not the methods used to evaluate the experimental results. Ideally, the gap should be 10 times the size of the particles.
Figure 8 (right):
Shear stress versus shear rate calculated using obtained constants and the method based on the Couette analogy. Results obtained with small paddle for 30% tomato paste containing 5% Microlys. Table 2 : Results from DCC using conventional method (Z3), approximate method (Eq. 7), and numerical method.
